Deoxyribonucleic acid or DNA can be utilized in an organic-metallic rectifying structure to detect radiation, especially alpha particles. This has become much more important in recent years due to crucial environmental detection needs in both peace and war. In this work, we fabricated an aluminum (Al)/DNA/Al structure and generated current-voltage characteristics upon exposure to alpha radiation. Two models were utilized to investigate these current profiles; the standard conventional thermionic emission model and Cheung and Cheung's method. Using these models, the barrier height, Richardson constant, ideality factor and series resistance of the metal-DNA-metal structure were analyzed in real time. The barrier height, U value calculated using the conventional method for non-radiated structure was 0.7149 eV, increasing to 0.7367 eV after 4 min of radiation. Barrier height values were observed to increase after 20, 30 and 40 min of radiation, except for 6, 8, and 10 min, which registered a decrease of about 0.67 eV. This was in comparison using Cheung and Cheung's method, which registered 0.6983 eV and 0.7528 eV for the non-radiated and 2 min of radiation, respectively. The barrier height values, meanwhile, were observed to decrease after 4 (0.61 eV) to 40 min (0.6945 eV). The study shows that conventional thermionic emission model could be practically utilized for estimating the diode parameters including the effect of series resistance. These changes in the electronic properties of the Al/DNA/Al junctions could therefore be utilized in the manufacture of sensitive alpha particle sensors. V C 2015 AIP Publishing LLC.
INTRODUCTION
Radiation sensors are not only required in diagnostics and imaging technologies but are also increasingly utilized in medicine, space technology, industry, and research. 1, 2 These applications generally encompass various aspects such as security, imaging, quality control, treatment, and safety. Sensors are devices that produce significant variation to a well-known input stimulus. This motivation can be a physical impetus similar to temperature or pressure or a concentration of a specific chemical or biochemical material. 3 The radiation effect on the active material utilized within the sensing device therefore determines the function of the sensor being developed. 4 There are six classes of sensors typically differentiated by the energy transduced in the sensor. These are thermal, optical, electronic, mechanical, magnetic, and electrochemical sensors. 3 DNA molecules are described as a double stranded negatively charged polymer. These negatively charged molecules can modify the interfacial electronic states of metal/silicon semiconductor structures. DNA in recent years has been a material of choice due to its properties in terms of its molecular-scale structure, which includes adjustable length, nanometer scale molecular film, and ability to efficiently self-assemble. 5, 6 DNA has been observed to exhibit electrical features such as an insulator, 7, 8 semiconductor, 9 ,10 conductivity 11 and proximity-induced superconductor. 12 There are generally two conduction methods: hopping and tunneling suggested to describe the electrical properties through DNA. 13, 14 Also, there are many factors that affect electrical characterization and interface features of the device such as thickness, 15 temperature, 16 magnetic field, 17 and radiation. 18, 19 DNA is one of the most important organic materials that have been used for manufacture of a number of devices. 16 Gahwiler et al. using a 50 lm of DNA film to study the conductivity induced by X-ray showed that the current grows linearly with the exposure-rate without saturating and a short time constant. 20 Pablo et al. observed fast contamination through Scanning Force Microscopy (SFM) images and dramatic influence in the measured conductivity when irradiating DNA samples in a vacuum through a low-energy electron (LEE) beam. 21 Henderson et al. exposed anthraquinone derivative to UV light to create a radical cation on the GC pair attached to the quinone. The cation can thereby travel down the length of DNA, wherever there are GG sequences in some places. The position of the charge can be revealed as strand scission at these sites by treatment of piperidine. This yields an exponential reliance of the charge transfer up to about 18 nm of DNA length, with a very large decay length. 22 Keller et al. observed that the LEEs have an essential role in nanolithography, atmospheric chemistry, and DNA radiation damage is supposed to have strong implications for the plan of novel radio-sensitizing agents for cancer therapy. 23 However, creation of reactive radicals in the close a)
Authors to whom correspondence should be addressed. area of the DNA lead to secondary source of DNA radiation damage. 24 In our present study of the effect of alpha (a) radiation on DNA, we used mushroom-based DNA layer on aluminum (Al) to fabricate Al/DNA/Al Schottky diode structures. To the best of our knowledge, no studies on the effects of alpha radiation on similar structures have ever been reported before in real time. The aim of this study is therefore to fabricate a DNA-based metal/DNA/metal diode for potential utilization as an alpha particle detector/sensor. Current-voltage (I-V) measurements were then performed to analyze the electrical properties of the DNA-based MDM diode as the radiation sensitive material.
MATERIALS AND METHODS

Preparation of DNA solution
A simple preparation procedure of mushroom DNA extracted from the colonies of fruiting bodies was used for Polymerase Chain Reaction (PCR) amplification. The procedure starts with the collection of minute quantities of mycelium (0.1-1.0 g) from a colony of the fruiting body (Stipe) of a mushroom species using a sterilized tweezer. Standard procedures according to Hibbett 25 were further employed to yield pure DNA samples prior to the PCR process. The DNA of all samples was amplified by PCR (PTC-100TM, MJ Research Inc., Ramsey, MN, USA) using universal primers ITS1 forward (5 0 -TCC GTA GGTGA AC CTGCGG-3 0 ) and ITS4 reverse (5 0 -TCCTCCGCTT ATT GATATGC-3 0 ). Amplification reactions were performed in a total volume of 50.0 ll containing 10Â PCR buffer 4.0 ll, dNTP mix 2.5 ll, 2.5 ll of each primer, 1.0 ll of Taq polymerase (Cosmo, Seongnam-si, Gyeonggi-do, Korea), 4.0 ll of genomic (Template DNA), and 26.0 ll of sterilized distilled water. PCR amplification was carried-out in 30 cycles at 94 C for 30 min and denatured at 50 C for 60 min, followed by annealing at 72 C for an extension of 1 min. Initial denaturing at 95 C was extended to 5 min and the final extension was at 72 C for 5 min reaching stable conditions at 4 C.
26,27
Fabrication of the Al/DNA/Al sensor Glass slides cleaned for 15 min using deionized water (18.2 MX cm, Barnstead Nanopure II water system, Lake Balboa, CA, USA) in an ultrasonic cleaner and later dried in a dust free environment were utilized as the substrate. Thin films of Al (thickness $325 nm) were deposited on the glass substrate using an Edward Auto 306 vacuum coater with a diffusion pumping system (Edward Auto 306, West Sussex, United Kingdom) and Al metal wire (Kurt J. Lesker, Hudson Valley, PA, USA) of 99.999% purity. While depositing the Al thin film, pressure inside the chamber was kept at 10 À5 mbar, whereas the deposition rate was maintained at 0.1 nm/s. The gap between the electrodes was 30 lm, while the length of the gap was 25 mm, after which the formation of the organic DNA layer was carried-out by using a micro syringe (Hamilton micro syringe, concentration of DNA 1.80 ng/ll) containing 10 ll pre-prepared DNA solution. The fabricated device was then kept in a 1K-class clean room.
Sample irradiation by alpha particles was achieved using 241 Am with an activity of 150 nCurie and t 1/2 of 457 years (The Radiochemical Centre. Amersham, England) for periods of 2-40 min.
We measured the thickness of the DNA layer using two devices: Ellipsometer and Profilermeter. For the nonradiated sample, the thickness was measured at 100 nm. The thickness increased with the increase in the irradiation time, as there is an increase in the number of tracks and therefore its roughness. The value for the effective area is 1.625 Â 10 À5 m 2 while the distance of the source from the DNA layer was maintained at 2 cm. Cross-sectional view and image of the Al/DNA/AL surface-type Schottky diode are shown in Figure 1 .
RESULTS AND DISCUSSION
The forward and reverse bias I-V characteristics of the Al/DNA/Al junctions at room temperature are given in Figure 2 (a) and I-V-T in Figure 2 (b). As can be observed, the I-V characteristics of the device demonstrate a rectifying behavior. According to the thermionic emission theory, the I-V characteristic of a diode is given by 17 I
where
where q is the elementary charge, the applied voltage by V, and effective Richardson constant by symbol A * and equal to 120 A/cm 2 K 2 for Al. 28 Symbol A meanwhile represents the active diode area, T the absolute temperature, K the Boltzmann constant, n the ideality factor of a Schottky barrier diode, U bo the zero bias barrier height, and R S is the series resistance. For values of V > 3kT/q, the ideality factor from Equation (1) 
The ideality factor determined from the slope of the linear region of the forward bias (ln(I)-V) characteristic through the relation in Equation (3) is a measure of conformity of diode to pure thermionic emission. 29, 30 n equals to 1 for an ideal diode, but here, it demonstrates higher values. These high values of n can be attributed to the presence of interfacial thin film, a huge distribution of low Schottky barrier height (SBH) patches (or barrier inhomogeneity), rearrangement of electrons and holes in the depletion regions, and bias dependence of voltage of SBH.
31 Figure 3 shows the ideality factor fluctuations of Al/DNA/Al based junctions fabricated in this work calculated using Equation (3).
For both the radiated and non-radiated samples, the linear region of the forward bias I-V plots indicate that the effect of the series resistance in this region is not important. The value of the barrier height (U) of the Al/DNA/Al Schottky diode was 0.7149 eV before irradiation. Values before and after irradiation (Table I) were calculated from the y-axis intercepts of the semi log-forward bias I-V plots using Equation (4) . It should to be noted that U is the connection potential barrier that exists at the interface between inorganic and organic layers, i.e., at the DNA/Al interface,
The values of series resistance are calculated from the junction resistance formula R S ¼ @V=@I from the I-V properties of the diode. The resistance R S versus voltage of the surfacetype Schottky diode is demonstrated in Figure 4 . From the figure, it can be concluded that at low voltages ( 2.0 V), R S values were the highest for non-radiated, 30 and 4 min in reducing order, followed by the sample radiated for 2 min. However, above 2.0 V, the R S values become insignificant. At high currents, there is always a deviation of the ideality factor that has been obviously shown to rely on bulk series resistance and the interface state density, as one would expect. The lower the series resistance and the interface state density, the better is the range over which lnI(V) does in reality yield a straight line. The Schottky diode factors such as the barrier height U bo , the series resistance Rs, and the ideality factor n were also determined using the technique advanced by Cheung and Cheung. 32 The method's functions can be written as
Therefore, equal to nU. U was obtained by substituting the n value from Equation (5) and the data of the downward curvature region in the forward bias I-V graph from Equation (7). The slope of this plot also limits R S , which can be utilized to check the accuracy of Cheung and Cheung's method. From H(I) versus I, the U and R S values were measured and presented in Table I . Equation (5) gives a straight line for the data of the downward curvature region in the forward bias I-V graph. R S was obtained from both the conventional and the Cheung and Cheung's models, but the values calculated using the former method were higher than the ones derived from the latter one ( Figure 6 ). Generally, values of n obtained from the dV/d(ln I) versus I curve are higher than that of the forward bias ln I versus V plot. This can be attributed to the effect of the series resistance, interface states and voltage drop across interfacial layers, [33] [34] [35] and radiation effect. Table II portray three linear regions of the log(I)-log(V) plot of the forward bias I-V properties. Region (I) shows an ohmic region, while region (II) demonstrates the presence of the SCLC mechanism controlled by the traps. The second region of this graph having a slope of between (2.47 and 5.2) up to a transition voltage of about 2.7 V is similar to the SCLC with the exponential distribution of traps in the band gap of the organic material. The third region of double logarithmic forward bias curve has a slope value of between (1.1 and 2.5) except for the sample with 20 min of radiation. This region shows that at higher voltages the slope of the curve decreases because the device approaches the trap filled limit. In this work, the n values demonstrated greater than unity values when operated in the voltage range between À1 and þ1 V. 37 However, when operated between À6 and þ6 V, high values of n gives rise to a wide distribution of low barrier height Schottky diodes and interfacial thin layer. 38 This is due to an increase of defect density at the interface with irradiation or lateral inhomogeneous barrier height. [39] [40] [41] In this aspect, the effects of alpha particle with higher mass (4m p ) and charge (þ2e) compared to an electron become greater than that of the electron and gamma rays (massless). 42 At low doses, the ideality factor drops dramatically, which demonstrates the hypersensitivity phenomena of the DNA (Figure 8 ) and its self-protection. This phenomenon is similar to the behavior observed between survival curve and dosage. [43] [44] [45] Schottky barrier height on the other hand has an increased proportionality in relationship with the ideality factor as shown in Figure 8 . This may arise due to the DNA oligonucleotides ability to resist the alpha radiation as demonstrated by Figure 8 . And, the ideality factor from CheungCheung's method registers lower values compared to the conventional method. On the other hand, the U b value from conventional method becomes higher than U b from CheungCheung's method. The hypersensitivity phenomenon was observed in that the cells obtain some resistance after irradiation to about 0.5 Gy, where the typical response exhibited an exponential form of the survival curve. It begins to rise at about 0.5 Gy to an upper survival limit as the irradiation dose rises before eventually decreasing in a normal manner as observed earlier. [45] [46] [47] [48] was measured from the I-V curve, and it increases with irradiation time. The ionizing radiation process leads to energy sedimentation in the metal, appearing as thermal heat and changing the material properties. 42 The work function of the metal/semiconductor junction changes, which provides sufficient energy for the charge carriers to get over the binding potential. Increasing number of alpha particles tracks also leads to increase in the number of holes, thereby increasing the effective mass, which causes a lower rate of carriers to break through the potential barrier, reducing the current.
Due to the excitation of the material by ionizing radiation such as by alpha particles, a huge number of excited atoms are produced along its path, thereby increasing the number of electrons. Further, a decrease in the number of electrons was observed as a result of collisions between the MDM electrodes and the increase in resistance due to the number of traps in DNA preventing internal charge movement and hence increases the electrical resistance. 49, 50 This results in an increase in the barrier heights as in Table III , followed by a decline in the current.
In these experiments, we measured the current with increasing irradiation for all the samples for the same time periods. Electrical field increases due to the I-V response through the circuit and the alpha particle charge incident on the DNA layer, which increases the number of electron transfer from the valance to conductance band. This can be explained as after the traversal of the alpha particles to the DNA layer, a large number of excited atoms along the alpha particles tracks were produced, thereby the holes left in the valence band and electrons in the conduction band could be important in increasing the electrical conductivity of both semiconductors and insulating materials. This phenomenon is well known as the radiation-induced conductivity. Thus, electron-hole pairs are created (electron in the conduction and hole in the valence band) due to this irradiation event.
On the other hand, irradiation also creates secondary electron charge carriers, which affects the electrical properties. The relaxation time in semiconductors, such as in the DNA strands, becomes longer than compared to metals causing more permanent damage. 42 
CONCLUSIONS
In this study, we fabricated surface type Al/DNA/Al Schottky barrier diodes and generated I-V measurements upon exposure to increasing dosage of alpha radiation at room temperature. The effects of hypersensitivity of DNA to alpha irradiation need to be further addressed as a probable complementary cause for changes in the ideality factors and series resistance. The values of the ideality factors, series resistances, and barrier heights were calculated from the measured nonideal I-V curves, conventional and Cheung and Cheung techniques. From the conventional method, the calculated U value for non-radiated DNA films was 0.7149 eV, which increased to 0.7367 eV after 4 min of radiation. Furthermore, barrier height values were observed to increase after 20, 30, and 40 min of radiation, except for 6, 8, and 10 min, which registered a decrease of about 0.67, 0.71, and 0.70, respectively. This study shows that conventional thermionic emission model could be the best and most practical for estimating the diode parameters including the effect of series resistance of the Al/DNA/Al Schottky diode structures under consideration. The increase in the electrical resistance may be due to the drop in the forward current at high voltages, whereas the drop in barrier height values is as a result of the growth of the reverse current. 28 The effects of hypersensitivity of DNA to alpha irradiation need to be further addressed as a probable complementary cause for changes in the ideality factors and series resistance. Nevertheless, the various parameters studied in this work may well demonstrate the potential application of the fabricated Al/DNA/Al junction type sensor for sensing alpha particles. 
